Abstract. When Spirodela plants are transferred to a phosphate-deficient medium, growth slows down immediately, and ceases after 14 days. During this time, inorganic phosphate content falls from 30 to 0.7 ,umoles/g fresh weight of tissue, phosphate ester content from 3.5 to 0.6 gmoles/g, phospholipid content from 3.5 to 1.2 ,umoles/g, and residual phosphate (mainly RNA) content from 7.5 to 2.0 mmoles/g. Relative proportions of the various phosphate esters, and relative proportions of the various phospholipids, are not markedly affected by phosphate deficiency. Turnover rates of phosphate esters are somewhat higher in phosphatedeficient tissue. In control tissue, inorganic phosphate is present in 2 pools; a metabolic (12 No%) and a non-metabolic pool (88 % ). In phosphate-deficient tissues, most of the inorganic phosphate (>90 %) is in the metabolic pool. Non-metabolic phosphate is presumably stored in the vacuole, and is not readily accessible to the tissue, so that growth normally occurs at the expense of external phosphate. During deficiency, growth is limited by the rate at which phosphate can be transported through the tonoplast and tissue to the growing point. Growth ceases when the supply of non-metabolic phosphate is exhausted. Metabolic phosphate is presumably located in the cytoplasm: it can not be used for growth. Nor can the plant respond to deficiency by making some phosphorus compounds at the expense of others. In this respect, phosphorus deficiency and nitrogen deficiency are dissimilar.
Phosphorus is a major plant nutrient, and phosphate deficiency is a major factor limiting plant productivity. Even under conditions where phosphate supply is apparently sufficient, addition of further phosphate can often produce desirable biological effects, as in increasing the storage quality of fruits (11) . At least 2 factors stand in the way of understanding the basis of phosphorus deficiency: the complex nature of soil as a nutrient medium, and the multitude of roles that various phosphorus compounds can play in the life of the plant. The previous paper (3) describes the use of a duckweed, Spirodela, growing axenically in a completely defined nutrient solution, as a model system to study the way in which phosphorus distributes between the different organic compounds in an actively growing, nutrient-sufficient plant. In the following paper, the same system has been used to study the wav in which this distribution is affected after phosphate is removed from the medium: that is, during the onset of phosphorus deficiency. As before, plants have been grown for several generations in 32P1, in order to label uniformly all phosphorus-containing compounds, and thereby provide a simple method of measuring the amount of each compound through its radioactivity (3) . Such plants have then been transferred to a phosphate-deficient (minus-P) medium, and the subsequent effects studied.
Materials and Methods
Culture of Tissue and Measurement of Growth. Spirodela oligorrhiza (Kurz) Hegelm. was grown in axenic culture (3) . Minus-P medium was made up: it contained 4 mm (NH4)2S04, 2 mm CaSO4, 2 mm MgSO4, 1 mM KoS04, minor and trace elements, and 1 % glucose. Control medium (3) was obtained by adding KH2PO4 at 1 mm to the deficient medium; and labeled medium, by adding KH232PO0 of the appropriate specific activity. Aliquots of 20 ml within 50 ml conical flasks were autoclaved, and sterile CaCO3, about 50 mg, was added to each flask to stabilize the pH at 7.4. When required, filter-sterilized kinetin (at 1 part per million) or zeatin (0.1 part per million) was added to each flask. Fronds for inoculation were washed first in sterile distilled water, then inoculated as before (3) .
Growth could be measured either by counting the number of fronds present in 1 flask at successive times, or by preparing many flasks in a treatment then harvesting some at successive times. In the latter case, plants from each flask were washed in 3 changes of distilled water during 2 minutes, then blotted and weighed.
Distributtion of Phosphorus in Fractions During
Deficiency. Firstly, tissue was inoculated into 1309 labeled medium (0.06 ,uc 32p per ,umole P per ml, at Day 0) and grown for 8 days (4 generations) to allow it to become uniformly labeled. Then, the tissue so obtained was used to inoculate further flasks containing aliquots of either the original labeled medium (control) or of a minus-P medium. Control and minus-P samples which resulted thus had all their phosphorus compounds labeled to the same specific activity, and the amount of phosphorus in any fraction could be determined from its radioactivitv.
Samples were harvested after various times on the conitrol and minus-P media; and were washed. blotted anid weighed. All or a weighed part of each sample, 0.01 to 0.100 g fresh weight, was dropped into 2.5 ml methanol :chloroform :formic acid :water, 12:5:1:2 v/v (MCF) at -780 and transferred to -250 theni held overnight to inactivate phosphatases ( 1). In order to prevent any loss Of 32P; during extraction and precipitation, 5 umoles Pi carrier was added to each sample, prior to extraction. Tissue and MCF were ground together in a Duall conical glass homogenizer (Kontes) and transferred to a 12 ml conical centrifuge tube. The homogenizer was washed out with 1 ml MCF and the washings were added to the centrifuge tube, the total homogenate was centrifuged and the supernatant was transferred to a secon,d centrifuge tube. The residue was resuspended in 2 ml 1 % formic acid in 20 % methanol and shaken for 5 minutes then centrifuged again. Meanwhile, to the first supernatant were added 0.7 ml chloroform then 1 ml water; and the 2 phases which formed were separated by centrifuging. The colored chloroform phase, containing the phospholipids, was transferred by pasteur pipette to a planchet for counting. The second supernatant was added to the tube containing the aqueous phase and the combined extract was dried (at 400 tinder vacuum on a Buchler Evapomix), while the tissue residlue contaiining the RNA was transferred to a planchet for counting. The dried extract was redissolved in 3 ml water, and Pi was precipitated by adding 1 ml of 1 N HCl'01 :10 % ammonium miolvbdate :0.2 M triethylammonium chloride, 4:2:1 v/v mixture (10) . After centrifuging, an aliquot of the supernatant, containing the phosphate esters, x\\,Is plated on a planchet; then the precipitate, containing the Pi, was dissolved in 2 N NH4OH and an aliquot was plated. The amount of phosphorus presenlt in each fraction was calculated from its radioactivity.
Effect of Deficiency on Phospholipid and Phosp/(late E ster Patterns. 32P-labeled control and minuis-P tissues were prepared in the manner already described, but at a higher specific activity, 0.5 ,uc per ,mole Pi per ml, and with a smaller control inoculum (3 fronds). Plants were harvested after 12 days' growth on control and minus-P media. then 0.5 g tissue was killed in 10 ml MCF. It was homuiogenized and centrifuged, the supernatant was separated into 2 phases by addition of 2.5 ml chloroform and 3.5 ml water, and the chloroform phase containing the phospholipids was taken for study while the aqueous phase was held. (2) .
Turnover Rates of Phosphate Esters During Phosphoruts Deficientcy. Unlabeled phosphorus-deficient plants were prepared by growing Spirodela on minus-,P medium for 14 days. Unlabeled control plants were grown on control medium, but in order to avoid exhausting the supply of nutrients, they were subcultured onto fresh control medium at day /. Tissues were washed, blotted, and weighed into 0.10 g samples. Each sample was put into a flat bag made from 1. A bag containing a 0.10 g sample of tissue, was taken at each of the following times: one-half, 1, 2, 4, 10, 30. 90, and 240 minutes after the commencement of labeling [ (iii)]. The bag was slapDed onto filter paper to remove excess liquid and then dropped into liquid nitrogen. The frozen fronds were later transferred to 4 ml MCF at -250 and extracted as described in the previous section. The phosphate esters were separated by 2- (fig 4) . The half-times of labeling for the various esters were estimated from the fitted curves (4) . Values obtained for the various esters in minus-P tissue were a half to two-thirds the control values (table III) . In both tissues, labeling times of the various phosphate esters showed a relationship to one other very similar to that found for phosphate esters in potato tissue (4) . Thus ATP and UTP became labeled within the duration of the 32PI pulse, 0.5 minutes, and much more rapidly than any of the other compounds. The esters of the glycolytic pathway showed labeling times similar to one another, 3 to 5 minutes in minus-P tissue and 4 to 10 minutes in control tissue. P-choline, P-ethanolamine and a-glycero-P, presumably all involved in phospholipid biosynthesis, were also fast to label, 3 to 5 minutes in minus-P tissue and 4 to 10 minutes in TIME MINUTES 
Discussion
The visible symptoms of phosphorus deficiency in .Spirodela (long roots, yellowed older fronds, siniall size of new fronds, and formation of alnthocyaniii leading to a blackish color in neNx fronds) are very similar to those noted for land plants (6. 8, 12, 13) . The marked reduction bv cy-tokinins of the first 2 symiiptomiis is therefore worth) of note. The earliest changes in phosphate content of Spirodela tissues are also parallel to those observed for other plants, in that the Pi content declines much more rapidly than does the organic phosphate content (6, 7, 9) . In the present study, the course of deficiency has been studied in more If the various phosphate esters became labeled in the same order in the 2 tissues, presumably the same metabolic paths were operating. \Vas the rate at which the various reactions took place altered? Turnover rates (k) for each ester can be calculated from the half-times of labeling (t) bv the relationship k = (In 2)/t (4) . In minus-P tissue they were 1.5 to 2 times faster than in control tissue (from table III). As the concentration of each ester was lower in the minus-P tissue, one-to twothirds the control value (from table I), the amount of ester being turned over per unit time per unit of tissue was of the order of three-quarters that in the control tissue. In summary, during deficiency the metabolic machine becomes smaller, but retains its form: it continues to function in the same wav. but by operating at a somewhat faster rate it appears to partially compensate for its smaller size.
A more detailed analysis of data from figure 4, It is hoped to explore some of these problems.
